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Abstract The reorientation of the guest 4-methoxy-TEMPO (spin probe)
in the disordered fraction of semicrystalline poly(dimethylsiloxane) (PDMS)
is investigated by high-field Electron Paramagnetic Resonance (HF-EPR) at
190 and 285 GHz. Accurate numerical simulations of the HF-EPR lineshapes
evidence that the reorientation times of the spin probes are distributed between
the melting temperature Tm and Tm - 30 K. The distribution exhibits, in
addition to a broad component, a narrow component with low mobility up to
the PDMS melting point. It is shown that the temperature dependence of the
reorientation time of the spin probes with low mobility is the same of the spin
probes in glassy PDMS. The result suggests that the low-mobility fraction is
localized in the so called rigid amorphous fraction.
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1 Introduction
In a semicrystalline polymer (SCP) the macromolecules pack together in or-
dered regions called crystallites which are separated by disordered non-crystalline
regions [1,2]. Recently, an intermediate interfacial region between crystallites
and disordered surroundings, usually referred to as rigid amorphous fraction
(RAF), has been evidenced [1,3,4]. The non-crystalline region other than RAF
is expected to exhibit properties like the amorphous bulk polymers and is usu-
ally termed as mobile amorphous fraction (MAF). MAF becomes liquid-like
above Tg whereas RAF devitrifies even close to or above the melting temper-
ature Tm [3,5]. RAF has been observed long time ago also in one of the most
flexible polymers known: poly(dimethylsiloxane) (PDMS) [6].
To make clear distinction between disoredered regions, structural studies
are little informative owing to the small differences of disordered structures
[7]. In contrast, more insight is provided by techniques sensitive to mobility
variations like NMR [8,9], dielectric relaxation [10] or measurements of the
solubility of a gas, for a review see Ref. [4]. Following the same approach, ear-
lier [11,12] and novel [13,14] investigations of SCPs addressed the rotational
mobility of suitable guest radicals (spin probes) in SCPs. They are carried
out by Electron Paramagnetic Resonance (EPR) [15], in particular high-field
EPR (HF-EPR) [13,14], and exploit the expertise gained on both semicrys-
talline materials like ice-water mixtures [16,17,18,19,20,21] and amorphous
polymers [22,23,24,25,26,27,28,29,30]. One major advantage in using guest
molecules to investigate SCPs is their selectivity. In fact, assignment of a re-
laxation process to the amorphous, crystalline or interfacial regions of SCPs is
a delicate matter. [31,22,23,32,33,34,35,9]. From this respect, one has to no-
tice that the crystallites are very often impermeable even to small molecules
which are expelled by the ordered regions during the crystallization [36,37,
38,39]. The confinement of small tracer molecules in the disordered fraction
offers the possibility of selective studies of such regions in SCPs. It is worth
noting that we do not expect dramatic changes in the mobility of the spin
probes in MAF and RAF. This motivated us to resort to HF-EPR, which is
more challenging than the customary X-Band EPR, but it offers remarkable
orientation resolution as far as the statics and the dynamics of the spin probes
are concerned [27,40,41].
In a previous HF-EPR study,[13] we investigated the constrained and het-
erogeneous dynamics in the MAF and RAF fractions of slowly cooled PDMS.
It was concluded that RAF is larger than MAF around Tg whereas RAF is
a small amount of the total amorphous phase at Tm − 19 K. No RAF was
detected above Tm − 19 K and no distinctive spectral features associated to
RAF were observed at any temperature. In the present study an improved
strategy to increase both the amount of RAF as well as the coupling between
the spin probe and PDMS has been devised. As a consequence, we observed
well-defined signatures of RAF in the HF-EPR lineshape and provide evidence
of RAF persisting up to Tm.
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Fig. 1 Chemical structures of the guest paramagnetic probes mTEMPO (V= 197 A˚3)[43]
and TEMPO (V= 171 A˚3)[43]. The size of both mTEMPO (V 1/3 = 0.58 nm) and TEMPO
(V 1/3 = 0.56 nm) is comparable to the monomer size v
1/3
m = 0.51 nm and the Kuhn length
`K = 0.50 nm of PDMS [44].
The paper is organized as follows. In Sec.2 experimental details are given.
Sec.3 discusses the results. The main conclusions are summarized in Sec.4.
2 EXPERIMENTAL SECTION
2.1 Sample
PDMS and the paramagnetic tracers 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
and 4-methoxy-2,2,6,6-tetramethyl-1-piperidinyloxy (mTEMPO) were purchased
from Aldrich and used as received. The chemical structures of the spin probes
are given in Fig.1. Their size is quite similar to the one of the PDMS monomer
which, in turn, is quite close to the Kuhn length owing to the high flexibil-
ity of PDMS. The weight-average molecular weight Mw of PDMS was 90200
g/mol and polydispersity, Mw/Mn, was 1.96. The samples (about 0.5 cm
3)
were prepared by dissolving TEMPO or mTEMPO and PDMS in chloroform
according to the solution method. [42] Then, the solution was heated at about
330 K for 24 h and no residual chloroform was detected by NMR. In both
samples the spin probe concentration was less than 0.05% in weight. Differen-
tial scanning calorimetry (DSC) measurements, detailed elsewhere [14] provide
the following transitions: glass transition (Tg) at 148 K, cold crystallization
(Tcc) at about 184 K, melting onset at about 209 K with Tm ' 230 K. The
crystallinity fraction is expected in the range 30-60 %.
2.2 Thermal protocol
The sample was preliminarily quenched in liquid nitrogen and put in a Teflon
holder. Then the holder was placed in a single-pass probe cell and finally the
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Sample name Cooling protocol Spin Probe Refs.
PDMSq sample prequenched in liquid nitrogen
from the melt and loaded cold into the
cryostat
mTEMPO this work
PDMSsc
sample cooled from the melt to 124 K
with a rate of
1 K/min
TEMPO [13]
In both cases the spectra were recorded stepwise at increasing temperatures upon slow heating.
Table 1 Distinctive characteristics of the samples examined
whole system was loaded cold into the cooled EPR cryostat. All the HF-EPR
data were collected during the subsequent slow heating. The sample was kept
about one hour at each temperature before the EPR spectrum acquisition. The
present protocol is expected to yield a larger amount of RAF compared to slow
cooling from the melt [13,14]. In fact, as reported in polymers [45,46], as well
as supercooled water [19,20,21], quench cooling in the glass region and subse-
quent re-heating to reach the temperature of interest T (Tg < T < Tm) leads
to larger polycrystallinity than slow cooling from above Tm down to T . The en-
hancement is understood in terms of both augmented primary nucleation and
increased disorder of the larger, crystallite surfaces, thus anticipating a larger
amount of RAF, considering that the RAF thickness is weakly dependent on
both the temperature and the crystallinity [1].
The cooling protocol adopted here is different from the one of our previous
study of PDMS where the sample was slowly cooled below the glass transition.
[13,14] Henceforth, we shortly name the PDMS obtained with the two cooling
protocols as PDMSq (quench cooled) and PDMSsc (slowly cooled). In Table 1
the distinctive characteristics of the two samples are shortly summarized.
2.3 EPR measurements
The EPR experiments were carried out on an ultrawideband EPR spectrom-
eter which is detailed elsewhere [47]. Basically, the source is a 95 GHz Gunn
effect oscillator which may be doubled or tripled in frequency at 190 GHz and
at 285 GHz, respectively. To transmit millimeter-wave power metallic, over-
sized waveguides are used. These are overmoded waveguides which are copper
cylindrical pipes with an internal diameter of 10 mm guiding the radiation
to a single-pass non-resonant sample holder. A Nb3Sn & NbTi Oxford super-
conductor magnet generates a magnetic field with intensity up to 12 Tesla
with field homogeneity equal to 10 ppm. With the purpose of increasing the
signal-to-noise ratio, amplitude modulation of the magnetic field is performed
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with frequency of 10 KHz and amplitude of about 1 Gauss. The EPR signal is
detected by a InSb bolometer operating at liquid He temperature and decoded
by a lock-in. A cryostat by Oxford Instruments operating in a liquid He flow
controls the temperature of the probe head.
2.4 Data Analysis
The spin probe mTEMPO has one unpaired electron with spin S=1/2 subject
to hyperfine coupling to 14N nucleus with spin I=1. For the calculation of
the lineshapes we used numerical routines described elsewhere. [48] The g
and hyperfine A tensor interactions were assumed to have the same principal
axes. The x axis is parallel to the N-O bond, the z axis is parallel to the
nitrogen and oxygen 2pi orbitals, and the y axis is perpendicular to the other
two. The principal components of the two tensors (gxx, gyy, gzz, Axx, Ayy and
Azz) are input parameters to calculate the EPR lineshape. They were carefully
measured by simulating the ”powder” spectrum, i. e. that recorded at very low
temperature, where the lineshape is not influenced by the tracer reorientation.
Axx and Ayy values are affected by a large uncertainty because they are small
compared to the linewidth. In order to obtain more reliable values, we used the
additional constraint 13 (Axx+Ayy+Azz) = Aiso, with Aiso being the hyperfine
splitting observed in the melt at 255 K and assumed that Axx = Ayy. The
best fit magnetic parameters are gxx = 2.0096, gyy = 2.0058, gzz = 2.0017,
Axx = Ayy = 0.62 mT and Azz = 3.37 mT. In all the simulations, the principal
components of the tensors were set to these values.
In order to keep the number of adjustable parameters as limited as possible,
the tracer reorientation is modelled as isotropic diffusion, characterized by the
rotational reorientation time τSRT , which is related to the rotational diffusion
coefficient D through the equation τSRT =
1
6D . The extension of the model
to account for possible anisotropic rotational diffusion of the guest molecule,
as e.g. outlined in ref. [49], was deemed unnecessary, given the nearly spher-
ical shape of mTEMPO, see Fig.1, as also concluded in other studies with
conventional and high-field EPR concerning nearly identical spin probes [41].
The theoretical lineshape was convoluted with a Gaussian function with
a width of 2 G to account for the inhomogeneous broadening. The spectra
expected when a distribution of reorientation times occurs were calculated
summing up about 600 spectra characterized by reorientation times in the
range 0.01-300 ns, each spectrum being weighted according to the distribution
parameters. The best-fit parameters and related uncertainties were obtained
by routine procedures.
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Fig. 2 Top: HF-EPR spectra at 190 GHz of mTEMPO in PDMSq and TEMPO in PDMSsc
recorded at Tm+25 K and Tm+19 K, respectively. Middle: HF-EPR spectra at 190 GHz of
the spin probes in PDMSq and PDMSsc at the indicated temperatures. Bottom: as in middle
panel with HF-EPR at 285 GHz. The temperatures of the middle and bottom panels are
chosen in order to match the central peaks of the lineshape. ∆B, indicated in those panels,
is the difference between the resonating magnetic fields of the outermost peaks observed at
lower temperatures.
3 RESULTS and DISCUSSION
3.1 HF-EPR Lineshapes of mTEMPO in PDMSq
Fig. 2 (upper trace) compares the lineshapes of mTEMPO and TEMPO gath-
ered at nearly the same temperature above Tm where there is no difference
between PDMSq and PDMSsc, differing only in the features of the crystalline
fractions. At such high temperatures, the HF-EPR lineshapes are heavily af-
fected (narrowed) by the fast reorientation of the spin probes. However, the
larger linewidths of the mTEMPO lineshape evidence that the reorientation is
slower than the one of TEMPO. The same conclusion is reached at lower tem-
peratures. In fact, the middle and lower panels of Fig. 2 compare the lineshapes
of mTEMPO and TEMPO at temperatures where the central peak exhibits the
same shape. It is seen that, even if the temperature of the mTEMPO sample
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Fig. 3 Temperature dependence of ∆B (filled squares), defined in Fig.2, and the linewidth
(empty squares) of the three outermost lines on the right-hand side of the spectra at the
irradiating frequencies of 190 GHz for mTEMPO in PDMSq . The vertical dashed lines
mark the glass transition (148 K) and the cold crystallization (184 K) temperatures. The
superimposed dashed line in the glassy region is the linear fit ∆B = a + bT , with a= 311
±1 G and b=-0.091 ±0.002 G/K.
is higher, the lineshape of mTEMPO exhibits more pronounced powder-like
features than TEMPO, suggesting lower rotational mobility.
Additional evidence about the faster dynamics of TEMPO in PDMSsc
with respect to mTEMPO in PDMSq is provided by Fig. 3 where some spec-
tral features are analyzed. In fact, the linewidth of the three outermost lines
on the right-hand side of the lineshape of mTEMPO change little below the
glass transition and starts increasing above Tg + 10 K, whereas in the case of
TEMPO in PDMSsc the increase starts below Tg due to the higher mobility,
see ref.[14]. Fig. 3 also shows that the parameter ∆B, defined in the caption
of Fig. 2, exhibits considerable temperature dependence, especially above Tg.
According to previous analysis [29], this finding suggests that the reorientation
of mTEMPO proceeds by small angles and prompted us to adopt the diffusion
model, as outlined in Sec.2.4.
3.2 Coupling between PDMS and the Spin Probe
In Sec. 3.1 evidence of a slower reorientation time of mTEMPO in PDMSq in
comparison to TEMPO in PDMSsc is provided even in the absence of crys-
talline fraction. We remind that PDMSq and PDMSsc differ only in the fea-
tures of the crystalline fraction. In order to understand the slowing down of the
probe we consider both the probe size and the interactions between the probe
and the polymer. Let us first focus on the size. The estimates of mTEMPO and
TEMPO volumes are 197 A˚3 and 171 A˚3, respectively, i.e. mTEMPO is slightly
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PDMS Spin probe Interaction Energy (J/mol) mTEMPO TEMPO
monomer C-O-CH3 Dp -Dp 870a •
monomer C-O-CH3 Dp -Dp 69th •
CH3 C-O-CH3 Di -Dp 13 •
CH3 C-O-CH3 Di -Di 478 •
monomer C-O-CH3 Dp -Di 10 •
CH3 CH3 Di -Di 185 •
monomer CH3 Dp -Di 4 •
Table 2 Van der Waals interactions between specific groups of mTEMPO and TEMPO
and PDMS monomer or methyl groups. The table lists the kind of dipole (Dp and Di denote
permanent and induced dipole, respectively) and the energy at 5 A˚ spacing between the
dipoles according to ref. [51] with µC−O−CH3 = 1.29 D and µmonomer = 0.7 D [52,53].
Ionization energy (10 eV) and polarizability (αCH3/4pi0 = 2·10−30 m3) of the methyl group
from ref. [54]. Polarizability (αC−O−CH3/4pi0 = 5.16 · 10−30 m3) of the C-O-CH3 group
from ref. [55]. a: aligned parallel monomer and C-O-CH3 dipoles; th: thermally-averaged
dipole orientation (Keesom interaction, T = 220 K).
larger than TEMPO [43]. In the spirit of the Stokes-Einstein law the average
reorientation scales with the volume of the spin probes [50]. Therefore, since
the ratio between the reorientation times of mTEMPO and TEMPO is found
to be about a factor of three, we conclude that the slightly larger mTEMPO
volume alone is not enough to account for the slower mTEMPO reorientation.
To proceed, a detailed analysis of the different kinds of interaction between
distinct groups of the guest molecules and PDMS chain is summarized in Ta-
ble 2. The spin probes interact with PDMS through van der Waals forces,
i.e. (i) dipole-dipole interactions, (ii) dispersion forces, involving non polar
groups, and (iii) induction forces, arising from a permanent dipole inducing a
temporary dipole in a second group[51]. The interaction of N-O dipole with
PDMS is neglected because the nitroxide dipole is buried by the four methyl
groups in positions 2 and 6. Table 2 suggests that mTEMPO is better cou-
pled to PDMS than TEMPO due to the methoxy group where one additional
methyl group and one permanent dipole are located. One also notices that the
dipole-dipole force, differently from the dispersion and the induction forces, is
very anisotropic. As a consequence, if the permanent dipoles are nearly free to
rotate (Keesom interaction), a thermal averaging of the interaction takes place
[51]. Close to the crystallite both the spin probe and the PDMS segments are
highly constrained and thermal averaging is anticipated to be less effective,
thus resulting in stronger interaction, see Table 2. On this basis one expects
that, if mTEMPO and TEMPO are equally close to the crystallite, the former
slows down the reorientation much more. The above analysis of the different
mobility of the two spin probes is not conclusive and should be substantiated
by, e.g. numerical simulations which are beyond our present purposes. Our
tentative conclusion is that the slower rotational mobility of mTEMPO with
respect to TEMPO follows from a combination of stronger interactions with
PDMS and a slightly larger size.
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Fig. 4 Experimental (black line) and simulated (red short dot line) HF-EPR spectra of
paramagnetic probe in PDMSq at 164 K and an irradiating frequency of 190 GHz. The
simulation was performed using a single reorientation time, with τSRT = 123 ns. The small
discrepancy between the simulation and the peak at low magnetic field was already noted
[13].
3.3 Models of the Rotational Dynamics
Following previous studies on the influence of the rotational dynamics on the
EPR signal [56] in crystalline polymers [35] and viscous liquids [7,57], a thor-
ough numerical analysis of the HF-EPR lineshape has been performed. Below
200 K a simple model, referred to as single reorientation time (SRT) model,
adopting a single average reorientation time τSRT satisfactorily predicts the
lineshape, see Fig. 4. Differently, above 200 K the SRT model becomes inad-
equate (not shown). We ascribe the failure of the SRT model to two different
reasons: i) the larger sensitivity of HF-EPR to the rotational dynamics when
the temperature increases , ii) the presence of a distribution of environments
where the spin probes are located leading to a distribution of the rotational
mobility. With the purpose of improving the SRT model above 200 K, we
consider the lineshape L(B) as a weighted superposition of contributions
L(B) =
∫ ∞
0
L(B, τ) · ρ(τ) dτ (1)
where L(B, τ) is the EPR lineshape corresponding to reorientation time τ and
ρ(τ) is a suitable distribution of reorientation times.
As a first step, we considered the power-law distribution (PD):
ρPD(τ) =
{
0 if τ < τPD
x ·τxPD · τ−(x+1) if τ ≥ τPD
(2)
τPD is the shortest reorientation time and x is related to the distribution
width. Even if successful for TEMPO in PDMSsc, [13] the application of the
PD model to mTEMPO in PDMSq leads to disappointing results. In fact, the x
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Fig. 5 Experimental HF-EPR spectra at 190 GHz of the spin probe in PDMSq at 222
K (continuous black line) compared to the best fit according to the PDT model, Eq.3
(continuous red line). The contributions due to the PD and δ components of ρPDT are
superimposed as short-dotted and short-dashed lines, respectively. The best–fit parameters
are τPD = 0.33 ns, x = 0.9, τtrapped = 21 ns, wPD = 0.62.
parameter was found to be as low as 0.1, which would imply that reorientation
times longer than 100 ns have a significant weight in the distribution ρPD.
Since HF-EPR is not sensitive to such slow reorientation, any model of the
distribution ρ(τ) in the region τ & 100 ns is flawed. Then, the identification
ρ ' ρPD was deemed as not consistent and the PD model was rejected.
To improve the PD model, we compared the HF-EPR spectra of mTEMPO
in PDMSq with those of TEMPO in PDMSsc at both 190 and 285 GHz in Fig.
2 (lower traces). The observed mismatch suggests the presence of a trapped
fraction of mTEMPO in PDMSq, which we call δ, undergoing quite slow re-
orientation. We characterize the reorientation of the δ fraction by a single,
relatively long reorientation time, τtrapped, and model the overall distribution
of the reorientation times of both the trapped and the untrapped fractions,
ρPDT , as a weighted sum of the δ component and a PD component:
ρPDT (τ) = wPD · ρPD(τ) + (1− wPD) · δ(τ − τtrapped) (3)
where δ(x) is the Dirac delta and wPD is a weighting factor. Figure 5 shows
an illustrative example of the best-fit provided by the PDT model. It must
be noted that using the PDT model for mTEMPO in PDMSq yields values of
the x parameter comparable to the ones found for TEMPO in PDMSsc. As
an example, at 203 K one finds x = 0.67 and x = 0.68 for mTEMPO and
TEMPO, respectively. This consistency reassured us about the reliability of
the PDT model.
Fig.6 (top) shows representative plots of the ρPDT (τ) distribution of mTEMPO.
One sees that the broad component is well separated by the trapped one.
Fig.6 (bottom) shows the same distribution for TEMPO. [13] It is seen that
no trapped fraction is apparent and the distribution is shifted at shorter reori-
entation times than mTEMPO confirming that the latter has lower rotation
mobility.
The agreement of the PDT model with the experiment covered the range
between 200 K and Tm.
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Fig. 6 The distributions of the reorientation times of mTEMPO (top) and TEMPO (bot-
tom) [13] in the PDMS melting region according to the reorientation models. The best fit pa-
rameters for mTEMPO are at T=212 K, x=0.70, τPD=0.50 ns, τtrapped=26 ns, wPD=0.51,
T=227 K, x=0.92, τPD=0.23 ns, τtrapped=20 ns, wPD=0.70. For TEMPO at T=212 K,
x=0.9, τPD=0.15 ns, wPD=1 and at T=227 K, τSRT=0.033 ns. The peaks located on the
left and the right sides of the power-law component mark the single reorientation time in
the homogeneous reorientation regime of TEMPO in PDMSsc and the trapped δ component
of mTEMPO in PDMSq , respectively.
3.4 Evidence of RAF
We are now in a position to characterize the rotational dynamics of the trapped
fraction of mTEMPO in PDMSq. The results are summarized in Fig. 7.
From the lowest temperatures below Tg, passing through Tcc, up to about
200 K the probe exhibits homogeneous dynamics well accounted for by the
SRT model. It has to be noted that the absence of any discontinuity of τSRT
at Tcc ∼ 184 K indicates that the probe does not sense the formation of the
crystallites occurring on heating during data collection. The reorientation time
τSRT slowly decreases on increasing the temperature. An Arrhenius fit pro-
vides an activation energy of 6.2 ± 0.3 kJ/mol in agreement with a value of
6.4 kJ/mol found for methyl jumps in PDMS [58]. This suggests coupling be-
tween mTEMPO and local modes. As pointed out in Sec.3.3, on approaching
the onset of PDMS melting (' 209 K) the heterogeneity of the reorientation of
mTEMPO becomes apparent. The complete analysis will presented elsewhere.
Here, we concentrate on the trapped fraction of mTEMPO, being character-
ized by a single reorientation time τtrapped. Fig. 7 shows that the reorientation
time τtrapped joins smoothly with the single reorientation time τSRT charac-
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Fig. 7 Temperature dependence of the characteristic times τSRT and τtrapped of mTEMPO
in PDMSq . The dashed vertical lines mark the glass transition at Tg , the cold crystallization
at Tcc, and the melting transition at Tm, whereas the gray region highlights the range of the
onset of PDMS melting (' 209 K). The straight line is an Arrhenius fit with an activation
energy 6.2 ± 0.3 kJ/mol.
teristic of the spin probe reorientation below ∼ Tg and exhibits, up to Tm, the
same temperature dependence. These findings suggest that, on increasing the
temperature above 200 K, a part of the guest molecules persists in the glassy
dynamics up to Tm. The presence of a glassy fraction of mTEMPO between
Tcc and Tm is striking evidence that the spin probe is located in RAF [3]. The
untrapped, faster fraction is attributed to spin probes located in MAF and in
a region with an intermediate mobility between that of the glassy fraction and
of MAF.
All in all, the present results support the conclusion that mTEMPO in
PDMSq provides more insight about RAF than TEMPO in PDMSsc thanks to
both the better coupling of the spin probe and the thermal protocol enhancing
the amount of RAF.
4 CONCLUSIONS
The reorientation of mTEMPO spin probe in semicrystalline quench cooled
PDMS has been investigated by means of HF-EPR spectroscopy at two dif-
ferent Larmor frequencies (190 and 285 GHz). The guest molecule is confined
outside the crystallites. Numerical simulation of the lineshape evidences that
the rotational dynamics is well accounted for by a single effective reorien-
tation time τSRT in the glassy region and up to about 200 K. The related
activation energy suggests that the spin probe is coupled to local motions.
Above 200 K the spin probe exhibits a distribution of reorientation times ρ(τ)
with bimodal structure characterized by i) a broad component correspond-
ing to states with fast and intermediate rotational mobility and ii) a narrow
component corresponding to a fraction of guest molecules with extremely low
rotational mobility. The finding that the reorientation time of the spin probes
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with low mobility and in glassy PDMS exhibits the same temperature depen-
dence suggests that the low-mobility fraction is localized in the so called rigid
amorphous fraction.
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